A local VE-cadherin and Trio-based signaling complex stabilizes endothelial junctions through Rac1
INTRODUCTION
The endothelium lining the vessel wall forms a major barrier between the circulation and the surrounding tissues, preventing plasma leakage. Endothelial adherens junctions, comprising the vascular endothelial (VE)-cadherin-catenin complex, function to maintain the monolayer integrity. VE-cadherin-based cell-cell junctions are dynamic and remodeled during processes such as leukocyte extravasation or angiogenesis, and also during homeostasis (Dejana, 2004; Vestweber et al., 2009 ). Therefore, cell-cell junctions are tightly regulated. The extracellular domain of VE-cadherin mediates homophilic Ca 2+ -dependent adhesion, whereas β-catenin (also known as CTNNB1) indirectly links the intracellular domain of VE-cadherin to the actin cytoskeleton through α-catenin (of which there are three isoforms, known as CTNNA1-3) (Lampugnani et al., 1992; Navarro et al., 1995) . Additional F-actin-binding and regulating proteins are recruited to modify the strength of VE-cadherin-based adhesions (Bershadsky, 2004; Huveneers and de Rooij, 2013) .
Changes in the actin cytoskeleton have a major impact on the morphology and stability of VE-cadherin-based cell-cell junctions (Hultin et al., 2014; Noda et al., 2010; Phng et al., 2015; Sauteur et al., 2014; Schulte et al., 2011) , in part by altering the magnitude and direction of the forces that are exerted on cell-cell junctions (Oldenburg and de Rooij, 2014) . Distinct types of cell-cell junctions exist depending on the organization of the junctionassociated actin cytoskeleton. Destabilization of cell-cell junctions in response to permeability-inducing factors, such as thrombin and vascular endothelial growth factor (VEGF), is associated with the presence of radial contractile actin bundles that terminate at cellcell junctions. These remodeling junctions have a discontinuous morphology and a different molecular composition. In this study, we will refer to these junctions as focal adherens junctions (FAJs) to make a distinction from other junction conformations (Huveneers et al., 2012) . By contrast, cell-cell adhesion stabilization is supported through cortical actin bundles that run parallel to the cell-cell junction (Noda et al., 2010) . The presence of thick cortical actin bundles near to junctions correlates with the appearance of stable, continuous junctions (Oldenburg and de Rooij, 2014) . Interestingly, homophilic ligation of cadherins has been reported to directly recruit and activate actin regulators that reorganize the cytoskeleton, indicative of bidirectional interplay (Huveneers and de Rooij, 2013; Kovacs et al., 2002; Lambert et al., 2002) .
Members of the Rho family of GTPases are of key importance in the control of actomyosin organization. In epithelial cells, the small GTPase Rac1 initiates cell-cell adhesion by promoting Arp2/3-based membrane protrusions and eventually stabilizes these contacts by promoting the formation of cortical actin bundles adjacent to the junction (Yamada and Nelson, 2007; Yamazaki et al., 2007; Zhang et al., 2005) . However, junction formation in endothelium and epithelium does not follow the exact same mechanism. Hoelzle and Svitkina, for example, show that endothelial cells use lamellipodia as the initial contact and then transform these into filopodia-like bridges that develop into nascent VE-cadherin-based junctions (Hoelzle and Svitkina, 2012) . Moreover, Rac1 is reported to be required for barrier maintenance, but to be also needed for VE-cadherin endocytosis and reactive oxygen species (ROS)-mediated loss of VE-cadherinmediated cell-cell contacts (Gavard and Gutkind, 2006; Spindler et al., 2010; van Wetering et al., 2002) . Thus, Rac1 controls signaling mechanisms that have opposing effects on endothelial cell-cell junctions, suggesting a need for finely balanced spatial and temporal regulation of its activity.
A possible mechanism for the spatio-temporal activation of Rac1 at cell-cell junctions is through localized activation of guaninenucleotide exchange factors (GEFs); factors that activate small GTPases by promoting the exchange of bound GDP for GTP (Rossman et al., 2005) . It is still unclear which of the many identified Rac-GEFs that function in endothelial cells control VEcadherin-based cell-cell junctions. Previous work from our group has implicated the Rac1-GEF Trio in primary human endothelium as an important regulator of the transendothelial migration of leukocytes (van Rijssel et al., 2012b ). Because we have previously observed that Trio localizes at endothelial cell-cell junctions, we further studied whether Trio has a role in the regulation of endothelial junctions. Here, we show that Trio binds to VE-cadherin during junction (re-)formation, locally activates Rac1 and thereby promotes the transition from nascent-to-stable VE-cadherin-based adhesion.
RESULTS

Trio controls endothelial cell-cell junction organization and barrier function
Our previous work has identified a role for the endothelial GEF Trio in inflammation and leukocyte diapedesis. Also we observed that Trio-deficient endothelial cells form cell-cell junctions that are organized in a less linear manner (van Rijssel et al., 2012b (van Rijssel et al., , 2013 . To investigate the role of Trio in endothelial junction regulation, we silenced the expression of Trio in endothelial cells by using short hairpin RNAs (shRNAs). Trio-deficient cells showed a larger phenotype when spread compared with control cells. Using realtime imaging of green fluorescent protein (GFP)-tagged VEcadherin (VE-cadherin-GFP), we found that cell-cell junctions of Trio-deficient endothelial cells (marked by TagRFP) remained unstable compared with those in cells that had been transfected with a control shRNA (shCTRL) ( Fig. 1A ; supplementary material Movie 1). Detailed analysis showed that both control and Triodeficient endothelial cells displayed linear and irregular cell-cell junctions (Fig. 1B) . These irregular junctions have been previously described and named focal adherens junctions (FAJ), which are sites of junction remodeling (Huveneers et al., 2012) (Fig. 1B) . We quantified the total length of FAJs in single cells that had been grown in monolayers by using VE-cadherin as a marker for cell-cell junctions and compared the total lengths of the FAJs to the total junction length, according to the quantification approach described previously by Wilson and colleagues (2013) (supplementary material Fig. S1B ). This revealed that endothelial cells that lacked Trio showed increased total lengths of FAJs ( Fig. 1B ; supplementary material Fig. S1B ). Moreover, studying the total lengths of the FAJs in cells over time revealed that a large portion of the junctions between Trio-deficient cells remained organized as FAJs (supplementary material Fig. S1B ). We wish to note that some of the FAJs in control cells showed a thicker phenotype, whereas FAJs from Trio-deficient cells showed a more focal phenotype. Both phenotypes were quantified as FAJs (supplementary material Fig. S1B ). This indicates that cell-cell junctions in Trio-deficient cells are unstable and continuously dis-and re-assemble.
To test whether Trio deficiency has functional consequences for monolayer barrier function, we measured the electrical resistance of endothelial monolayers using electrical cell-substrate impedance sensing (ECIS). We found that silencing Trio, using two independent shRNA constructs, strongly reduced endothelial cell monolayer resistance compared with that of control cells, indicating that a lack of Trio reduces junction integrity (Fig. 1C) . Also, permeability was increased in Trio-deficient endothelial cells, as assessed by determining the leakage of fluorescently-labeled dextran across Transwell filters (supplementary material Fig. S1C ). Thus, these data show that Trio is required for barrier function by regulating endothelial cell-cell junction organization.
Trio is a Rho-GEF comprising three catalytic domains -two GEF domains (to activate small GTPases) and a serine/threonine kinase domain (Fig. 1D) . The N-terminal GEF domain (GEF1) activates Rac1 and RhoG, whereas the C-terminal GEF domain (GEF2) activates RhoA (Blangy et al., 2000; Debant et al., 1996; van Rijssel et al., 2012a) . Using the GEF1 inhibitor ITX3, we showed that the activity of GEF1 is required to maintain endothelial resistance (supplementary material Fig. S1D ). To further test whether Trio activity is involved in the regulation of the barrier function of the endothelium, we rescued the impaired resistance of endothelial cells that expressed shRNAs against Trio (shTrio) by expressing the N-terminus of Trio (TrioN), which includes the GEF1 domain and of which the expression is not targeted by the shRNA (van Rijssel et al., 2012a) . The endothelial barrier defect of Trio-deficient cells was readily rescued upon expression of TrioN ( Fig. 1E ; supplementary material Fig. S1E ). Moreover, TrioN overexpression in wild-type human umbilical vein endothelial cells (HUVECs) enhanced endothelial monolayer resistance, whereas overexpression of the C-terminus of Trio (TrioC), which includes the GEF2 domain, did not ( Fig. 1F ; supplementary material Fig. S1E ). Inhibiting Rac1 by using EHT-1864 (Onesto et al., 2008) in cells that expressed TrioN additionally showed that TrioN promoted endothelial electrical resistance through the activation of Rac1 (Fig. 1G) . In order to investigate whether the TrioN-mediated increase in resistance involves VE-cadherin, we used a VEcadherin-blocking antibody. This antibody efficiently reduces VE-cadherin-mediated barrier function (Corada et al., 2001; van Buul et al., 2005) . When endothelial cells were pretreated with this antibody, overexpression of TrioN in Trio-deficient cells failed to rescue the drop in electrical resistance, indicating that VE-cadherin is involved in Trio-mediated barrier enhancement (Fig. 1H) . Taken together, these data indicate that Trio is required to maintain the endothelial barrier function in a Rac1-dependent manner.
Because the junctions of Trio-deficient endothelial cells rapidly dis-and re-assemble, we next focused on the role of Trio during junction remodeling and used the permeability mediator thrombin to induce actomyosin-dependent junction disruption (Huveneers et al., 2012; van Hinsbergh and van Nieuw Amerongen, 2002) . Thrombin rapidly destabilized cell-cell junctions (within 5 min), and cell-cell junctions recovered after 30 min, resulting in full restoration of the integrity of the endothelial cell monolayer after approximately 2-3 h (supplementary material Movie 2). Interestingly, overexpression of TrioN promoted the formation of linear junctions in endothelial cells and prevented the thrombininduced loss of cell-cell contact ( Fig. 2A ; supplementary material Movie 3), indicating that Trio promotes the stabilization of cell-cell junctions. Conversely, ECIS analyses showed that depletion of Trio delayed the recovery of barrier function after treatment with thrombin ( Fig. 2B) . Quantification of the recovery after 3 h of treatment with thrombin showed that the control cells reached maximal recovery, whereas in Trio-deficient cells, the recovery was significantly delayed to 59% of the maximal recovery. To investigate whether, during recovery, Trio directly controls VEcadherin-based junction assembly, we performed real-time imaging of VE-cadherin-GFP in Trio-depleted and control endothelial cells. Under control conditions, thrombin rapidly remodeled and disrupted VE-cadherin-positive cell-cell junctions, which was followed by the reassembly of cell-cell contacts and the formation of linear junctions ( Fig. 2C ; supplementary material Movie 4). In Trio-deficient cells, cell-cell junctions were remodeled likewise, which was followed by the reassembly of the junctions. However, newly formed VE-cadherin-based junctions remained unstable and rapidly disassembled again ( Fig. 2C ; supplementary material Movie 4). Quantification of interendothelial gaps based on differential interference contrast (DIC) imaging analyses after 90 min of exposure to thrombin showed significantly larger gaps in Trio-deficient cells compared with control cells ( Fig. 2C ; supplementary material Fig. S1F ). Thus, Trio is required for stabilization of VE-cadherin-based cell-cell junctions.
Trio localizes at endothelial cell-cell junctions
To further assess the role of Trio in the regulation of endothelial cell-cell junctions, we focused on the subcellular distribution of Trio. Owing to the lack of proper antibodies to detect endogenous Trio in immunofluorescence analyses, we transfected GFP-Trio full length (TrioFL) into primary endothelial cells and observed that Trio localized at cell-cell junctions (Fig. 3A) . By expressing different Trio truncation mutants, we found that TrioN but not TrioC localized at cell-cell junctions (Fig. 3A) . This indicates that the Nterminus of Trio -encoding the Sec14 domain, spectrin repeats, and the Rac1 and RhoG GEF1 domain -is required for the targeting of Trio to cell-cell junctions. We next examined the localization of Rac1 and RhoG, and expressed the constitutively active forms of these GTPases in endothelial cells. We found that active Rac1, but not RhoG, colocalized with VE-cadherin, indicating that Rac1 is involved in regulating endothelial cell-cell contacts downstream of Trio (supplementary material Fig. S1G ).
To test whether VE-cadherin is necessary for Trio localization at cell-cell junctions, we used Chinese hamster ovary (CHO) cells, which normally lack endogenous cadherin expression. We found that Myc-tagged TrioFL only localized at cell-cell contacts when VE-cadherin was co-expressed (Fig. 3B) . Additionally, silencing VE-cadherin in endothelial cells prevented Trio localization at cellcell junctions ( Fig. 3C; supplementary material Fig. S1H ). Interestingly, silencing VE-cadherin did not prevent β-catenin from localizing at cell-cell junctions. Previous work from Dejana and colleagues shows that under these conditions, N-cadherin localizes at cell-cell junctions (Navarro et al., 1998) . Thus, these experiments show that Trio localization at cell-cell contacts depends specifically on the presence of VE-cadherin.
Trio interacts with VE-cadherin
We next investigated whether Trio interacts with the VE-cadherincatenin complex. Therefore, immunoprecipitation of endogenous Trio from endothelial cell lysates was analyzed by western blotting. These experiments revealed that Trio associates with the VEcadherin complex, but not with N-cadherin (also known as CDH2), PECAM-1, VEGFR-2 or the tight junction protein ZO-1 (Fig. 4A) . Of interest, inhibition of Trio-GEF1 activity using ITX3 did not dissociate VE-cadherin from Trio (supplementary material Fig. S1I ), demonstrating that the interaction did not depend on the activity of GEF1. To determine which component of the VEcadherin complex is required for the interaction with Trio, we used several VE-cadherin truncation mutants and α-catenin fusion proteins to examine the capacity to bind to Trio in cells (Noda et al., 2010) (Fig. 4B) . All VE-cadherin-GFP mutants, as well as wild-type VE-cadherin-GFP, localized to cell-cell contacts (Noda et al., 2010) . Western blot analysis of immunoprecipitation of these VE-cadherin mutants revealed that Trio has the strongest binding to the full-length VE-cadherin construct (Fig. 4C) . The interaction of Trio with the VE-cadherin complex was reduced in the absence of the β-catenin-binding domain (VEΔβ-GFP), as well as when the complete cytoplasmic domain of VE-cadherin was replaced by full-length α-catenin (VEΔC-α-GFP) or α-catenin that lacked the N-terminal β-catenin-binding domain (VEΔC-αΔN-GFP) (Fig. 4C) . Because β-catenin co-precipitated with VEΔC-α-GFP and not with VEΔβ-GFP, taken together with the localization studies presented in Fig. 3C , these results indicate that Trio interacts with VE-cadherin through a region in the intermediate domain that is proximal to the β-catenin-binding domain.
To study whether Trio directly interacts with VE-cadherin, we designed two peptides that encode the intermediate domain of human VE-cadherin (Fig. 4D) . Precipitation experiments from cell lysates showed that Trio has a higher affinity for the region of VEcadherin that partially overlapped with the β-catenin-binding site (amino acid residues 726-765; Fig. 4E ), as compared with the region comprising amino acid residues 697-735. Because only TrioN colocalized with VE-cadherin ( Fig. 3A ; supplementary material Fig. S1J ), and co-immunoprecipitation studies between VE-cadherin and different Trio mutants showed strong binding of TrioN to endogenous VE-cadherin ( Fig. 4F ), we focused on the N-terminal spectrin repeats -known as protein-protein-binding regions -as potential binding sites on Trio for VE-cadherin (Djinovic-Carugo et al., 2002) . Using GST-fusion constructs of Trio spectrin repeats 1-4 and 5-8, we found that the VE-cadherin peptide directly associated with spectrin repeats 5-8, whereas a scrambled peptide did not (supplementary material Fig. S2A,B) . Further analysis showed that VE-cadherin directly associated with the spectrin repeats 5-6 through its intracellular region at residues 726-765 ( Fig. 4G ; supplementary material Fig. S2B ). These data show that Trio might directly interact with the intracellular tail of VE-cadherin. 
Trio dynamically interacts with VE-cadherin
We next questioned whether the Trio-VE-cadherin interaction is regulated during assembly, stabilization and remodeling of junctions. Because most junctions are stabilized in confluent monolayer cultures, we first tested whether the interaction of Trio with the VE-cadherin-catenin complex is confluence dependent. Trio immunoprecipitation was performed using cell lysates of endothelial monolayers that had been lysed 1 day after plating (recently confluent) and of monolayers that had been lysed 6 days after plating (long confluent) (Fig. 5A) . Immunoprecipitates of Trio contained considerably more VE-cadherin and β-catenin when obtained from cells that had been lysed 1 day after plating as compared with those of lysates from cells that had been lysed 6 days after plating. Note that we corrected for total protein concentrationi.e. similar amounts of total Trio and VE-cadherin protein were present in the cell lysates used for immunoprecipitation. Thus, the binding of Trio to the VE-cadherin complex depends on monolayer confluence; binding is reduced when junction stability is increased.
To study whether the Trio-VE-cadherin interaction is regulated during nascent cell-cell junction assembly, the interaction was analyzed in cells during a Ca 2+ -switch assay. Confluent endothelial monolayers were treated with the Ca 2+ chelator ethylene glycol tetraacetic acid (EGTA), disrupting adherens junctions, followed by a washout and re-addition of Ca 2+ to restore cell-cell contact. Immunoprecipitation studies showed that the interaction of Trio with VE-cadherin had significantly increased only 15 min after the re-addition of Ca
2+
. After 5 h of Ca 2+ re-addition, Trio-VEcadherin interactions had been restored to basal levels (Fig. 5B) . The phenotypic reassembly of cell-cell junctions after treatment with EGTA was visible 60 min after re-addition of Ca 2+ . However, in
Trio-deficient cells, the recovery of junctions was still largely impaired at these time points (supplementary material Fig. S2C ). Additionally, we used thrombin to induce junction remodeling and to study the regulation of the Trio-VE-cadherin interaction. Analysis of the immunoprecipitation of Trio showed that 30 min after stimulation with thrombin, when thrombin-induced cell-cell junction disruption and resistance drop were maximal (Fig. 2B) , Trio binding to VE-cadherin was reduced compared with that in untreated cells. However, the Trio-VE-cadherin interaction significantly increased during the recovery phase -i.e. when cellcell junctions are re-assembled and the resistance is restored (Fig. 5C and Fig. 2B ). The Trio-VE-cadherin interaction was also reduced after stimulation with the permeability factor VEGF (supplementary material Fig. S2D ). Taken together, these experiments show that Trio dynamically associates with the VEcadherin complex primarily at nascent cell-cell contacts.
Trio controls junction-associated actin organization
To examine the mechanism of how Trio controls endothelial cellcell junction integrity, we next studied the effect of silencing Trio on the organization of the VE-cadherin complex and the actin cytoskeleton in more detail. Loss of cell-cell junction integrity in Trio-deficient endothelial cells did not result from changes in the expression levels of VE-cadherin, α-catenin, β-catenin, γ-catenin and p120-catenin or other junction adhesion molecules (supplementary material Fig. S2E ). Also, by immunoprecipitating VE-cadherin from lysates, no changes were found in the composition of the VE-cadherin-catenin complex in Triodeficient cells compared with controls (supplementary material Fig. S2F ). Interestingly, overexpression of TrioN induced strong cortical actin bundles at VE-cadherin-based junction regions ( Fig. 3A ; supplementary material Fig. S3A ). Because the function of VE-cadherin is known to be strongly influenced by rearrangements of the actin cytoskeleton (Oldenburg and de Rooij, 2014) , we next examined whether Trio controls junctional actin organization through the small GTPase Rac1.
VE-cadherin ligation activates Rac1 through Trio
In epithelial cells, replacement of radial actin bundles by a perijunctional actin belt has been proposed to be controlled by cadherins, the homophilic ligation of which can directly recruit and activate actin regulators (Cavey and Lecuit, 2009 ). Therefore, we studied whether VE-cadherin homophilic ligation induces Triodependent Rac1 activation. To biochemically analyze a defined number of nascent VE-cadherin-mediated adhesive contacts, endothelial cells were incubated with magnetic beads that had been coated with the ecto-domain of VE-cadherin. VE-cadherincoated beads specifically ligate endogenous VE-cadherin complexes (supplementary material Fig. S3B ). Interestingly, Rac1 activation was increased 15-30 min following VE-cadherin ligation, after which activation levels declined (Fig. 6A) . By contrast, VE-cadherin ligation reduced the activation of both RhoG and RhoA (supplementary material Fig. S3C,D) . We next studied whether Trio underlies VE-cadherin-ligation-induced Rac1 activation. Although basal levels of Rac1 activity were increased in Trio-depleted cells compared with that of controls, silencing of Trio blocked the increase in Rac1 activity that was observed after VE-cadherin ligation (Fig. 6B) . We confirmed this with a different shRNA that targeted Trio expression (supplementary material Fig. S3E ). Additionally, we observed that inhibition of GEF1 by ITX3 blocked VE-cadherin-ligation-dependent Rac1 activation (Fig. 6C) .
To show the functional involvement of the GEF1 domain in junction regulation, we expressed TrioN in Trio-deficient endothelial cells and studied the total lengths of the FAJs (Fig. 6D) . To check whether the activity of the GEF1 domain is required, we induced two point mutations (N1406A/D1407A) in GEF1, resulting in a catalytically dead protein that was unable to activate Rac1 (supplementary material Fig. S3F) . Expression of the catalytically dead mutant did not reduce FAJ length in Triodeficient cells (Fig. 6D) . Additional experiments showed that TrioN-induced linearization of cell-cell junctions is independent of RhoG (supplementary material Fig. S3G ). Collectively, these data indicate that Trio is involved in Rac1 activation upon VE-cadherin ligation and that it mediates linearization of cell-cell junctions.
We next studied the spatial and temporal activation of Rac1 during endothelial cell-cell junction formation by using a novel Rac1 sensor called the dimerization-optimized reporter for activation (DORA)-based Rac1-sensor (supplementary material Fig. S4A ). We first characterized the sensor for local Rac1 activation in random migrating endothelial cells (supplementary material Fig. S4B , Movie 5), as well as in epidermal growth factor (EGF)-treated HeLa cells (supplementary material Fig. S4C,D) . Additionally, we measured spatial and temporal Rac1 inactivation and activation upon treatment with thrombin in endothelial cells (supplementary material Fig. S4E, Movie 5) . Moreover, we performed fluorescence-lifetime imaging microscopy (FLIM) measurements in cells that expressed the wild-type Rac sensor or the constitutively active (Q61L) mutant sensor, showing a reduced lifetime of the Q61L mutant compared with that of the wild-type version (2.4 vs 2.9 ns, respectively) (supplementary material Fig. S4F) . Importantly, the dominant-negative Rac1 sensor did not show any activity upon the random migration of endothelial cells (supplementary material Fig. S4G ). For more detailed text, see supplementary material Fig. S4 . These experiments showed that the DORA Rac1 sensor can be used to efficiently measure spatio-temporal activation of Rac1 upon cell-cell junction assembly.
Endothelial cells were transfected with the DORA Rac1 sensor and α-catenin-mCherry to visualize the VE-cadherin complex. We monitored FRET during the assembly and disassembly cycle of forming junctions. At the initial stage of junction assembly, marked by α-catenin-mCherry, no FRET signal was detected ( Fig. 7A ; supplementary material Movie 6). However, after approximately 15 min, increased FRET at α-catenin-selected regions of interest (ROI) was detected, showing local Rac1 activity at cell-cell junction regions (Fig. 7A,C ; supplementary material Movie 6). These data indicate that formation of nascent cell-cell junctions triggers local activation of Rac1. To investigate whether Trio is involved in the local activation of Rac1 at nascent cell-cell junctions, we analyzed endothelial cells expressing TagRFP-Trio shRNAs and the DORA-Rac1 biosensor. To properly discriminate cell-cell junctions, we additionally live-labeled with an AlexaFluor-647-conjugated antibody against VE-cadherin (Fig. 7B) . We have previously shown that this antibody does not interfere with the dynamics of VE-cadherin or the barrier function (Kroon et al., 2014) . Using this setup, we observed that junctions in Trio-deficient endothelial cells rapidly dis-and re-assemble, as shown previously. Interestingly, no increase in local Rac1 activity was measured at VE-cadherin-based junctions in Trio-deficient cells ( Fig. 7D ; supplementary material Movie 7). Quantification of the emission ratio of the FRET showed a lack of Rac1 activity at selected cell-cell contact regions (ROI), marked by VE-cadherin, in Trio-deficient cells (Fig. 7C) . Interestingly, we observed localized Rac1 activity at the edge of non-junctional membrane protrusions in Trio-deficient cells, indicating that Rac1-mediated induction of protrusions is not itself regulated through Trio (supplementary material Fig. S4G , Movie 8). However, in line with the previous experiment, at sites of junction assembly, marked by VE-cadherin, no increase in FRET was detected (supplementary material Fig.  S4G , Movie 8). Taken together, these data show that Trio controls spatial and temporal activation of Rac1 at sites of newly formed VEcadherin-based junctions.
DISCUSSION
Here, we show that Trio regulates stabilization of nascent, VEcadherin-based cell-cell adherens junctions to maintain endothelial barrier properties. Mechanistically, we show that VE-cadherin ligation recruits Trio and that the clusters directly bind to Trio, triggering spatio-temporal activation of the small GTPase Rac1, followed by stabilization of endothelial adherens junctions.
The process of adherens junction formation can be subdivided into distinct stages -first, membrane protrusions generate initial contacts; second, cadherin molecules engage in homophilic interactions and form clusters; and third, homophilic ligation of cadherins triggers actin cytoskeleton rearrangements, driving expansion and stabilization of the cadherin adhesive interface (Cavey and Lecuit, 2009 ). Rac1 activity has been shown to be involved in several of these stages of adherens junction formation, but also in their dissociation (reviewed in Spindler et al., 2010) . These apparently contradictory data underscore the importance of addressing spatial and temporal differences in Rac1 activity, and of understanding the involvement of specific GEF-GTPase-effector complexes. We propose that Trio activity is particularly crucial during the abovementioned third stage of the adherens junction formation process. This is based on our observation that local Rac1 activity at adherens junctions was rapidly increased in a Triodependent manner during nascent contact formation, as assessed using a novel FRET-based Rac1 biosensor. Moreover, homophilic ligation of VE-cadherin, triggered by VE-cadherin-coated beads, stimulated rapid and transient Trio-dependent Rac1 activation. In line with this, adherens junctions in Trio-deficient cells remained unstable and underwent continuous disassembly and reassembly. Importantly, Trio-deficiency did not prevent Rac1-induced membrane protrusive activity or the formation of initial cell-cell contacts. Thus, prior to stabilization of the nascent cell-cell contact that is induced by local signaling through the VE-cadherin-TrioRac1 axis, other Rac-GEFs are likely to contribute to the promotion of the formation of initial cell-cell contacts. For example Tiam-1, which is well recognized for its role in promoting epithelial cell-cell adhesion (Hordijk et al., 1997) , has also been suggested to have a role in controlling endothelial cell-cell junctions; re-introduction of VE-cadherin in VE-cadherin-null cells induces Rac1 activation and recruits Tiam-1 to cell-cell junctions (Birukova et al., 2012; Lampugnani et al., 2002) . Conversely, Tiam-1 is reported to be required for the increased permeability that is induced by plateletactivating factor (Knezevic et al., 2009 ). Clearly, further study is needed to unravel how Trio can act in concert with other Rac-GEFs, such as Tiam-1, Vav2 (Gavard and Gutkind, 2006) and PRex1 (Naikawadi et al., 2012) , to control endothelial adherens junctions under resting or inflammatory conditions.
To our knowledge, Trio is the first example of a GEF binding to the cytoplasmic domain of VE-cadherin. Other GEFs, such as Tiam1, Syx and TEM4, have been shown to localize at endothelial cell-cell junctions or to co-immunoprecipitate with one of the VEcadherin complex members, but no in vitro interaction studies using peptides or GST-tagged proteins have been performed so far (Di Lorenzo et al., 2013; Lampugnani et al., 2002; Ngok et al., 2012 Ngok et al., , 2013 . We found that Trio had a particular affinity for the pool of VE-cadherin at (re-)assembling junctions, enabling temporally coordinated Rac1 activation. Although we could show that Trio binds to a region in VE-cadherin that is proximal to the β-cateninbinding domain, our experiments indicate that Trio does not seem to compete with β-catenin for binding to VE-cadherin but that it might in fact form a ternary complex. Previously, Trio has been reported to biochemically co-precipitate with M-cadherin, cadherin-11 and E-cadherin (Backer et al., 2007; Charrasse et al., 2007; Kashef et al., 2009; Li et al., 2012; Yano et al., 2011) . In the latter study, the activity of Trio at E-cadherin-based epithelial cell-cell junctions is described as down regulating E-cadherin expression levels by activating a transcriptional repressor of E-cadherin (Yano et al., 2011) . By contrast, our data show that the total protein levels of VEcadherin and N-cadherin are unaltered in Trio-deficient endothelial cells. Thus, Trio has distinct regulatory roles at adherens junctions depending on the cadherin and cell type involved. Elucidating the mechanism of how Trio is activated and recruited to the VEcadherin complex will be exciting goals for future research.
Our finding that silencing of Trio impairs endothelial barrier recovery in response to thrombin supports our hypothesis that Trio activity is not only crucial for de novo assembly of adherens junctions, but also for reassembly of adherens junctions following inflammatory remodeling of the vascular endothelium. In addition, even apparently stable endothelial monolayers display ongoing remodeling of cell-cell junctions, and Rac1 activation in confluent endothelial monolayers has been suggested to reflect such local remodeling (Braga and Yap, 2005) . Our finding that Trio-induced Rac1 activity contributes to the maintenance of the endothelial barrier might therefore reflect, on a smaller scale, the requirement of Trio for the reassembly of cell-cell contacts. During remodeling of endothelial adherens junctions, the morphologies of cell-cell junctions switch between linear adherens junctions, which are in parallel to cortical actin bundles, and focal adherens junctions, which are connected to radial actin bundles (Huveneers et al., 2012) . We found that Trio contributes to the transition of radial actin bundles into cortical actin bundles, promoting the formation of stable linear adherens junctions. It has been suggested that this transition of junctional actin organization takes place very shortly after the initial clustering of cadherins (Cavey and Lecuit, 2009 ). This is in full accordance with our observations when measuring active Rac1 in real-time. We observed that Rac1 is activated several minutes after the initial cell-cell junctions are formed, and although it is well known that Rac1 localizes at de novo adhesion sites and promotes lamellipodia formation through actin remodeling (Yamada and Nelson, 2007; Yamazaki et al., 2007; Zhang et al., 2005) , further study is required to elucidate the detailed mechanism of how Trio-induced Rac1 activity triggers actin cytoskeletal rearrangements upon VE-cadherin ligation. An interesting side observation is that Trio-deficient cells showed a higher basal level of Rac1 activity, as well as increased migration. One explanation for increased Rac1 activation might be that the unstable cell-cell junctions in Trio-deficient cells trigger the release of a different Rac1 pool that becomes activated. This could also explain the increased spread surface area that was observed for Trio-deficient cells. In other cell types, cadherin ligation has been shown to recruit and activate actin regulators, including Arp2/3 (Kovacs et al., 2002; Verma et al., 2004) , cortactin , N-WASP (Ivanov et al., 2005) and formin1 (Kobielak et al., 2004 ) (for review, see Bershadsky, 2004; Yap and Kovacs, 2003) . Some of these factors that promote branched actin polymerization have been found to be relatively depleted from older, more stable regions of epithelial cell-cell contacts Yamada and Nelson, 2007) . Although there are notable differences between epithelial and endothelial cell-cell contacts with respect to the organization of the junction-associated actin cytoskeleton, similar actin regulators could be involved in VE-cadherin-based strengthening of adherens junctions.
In conclusion, Trio regulates the spatial and temporal activation of Rac1 to drive VE-cadherin-based reassembly of adherens junctions, not only after endothelial cell barrier disruption that has been induced by inflammatory agents such as thrombin, but also for de novo assembly of adherens junctions. Eventually, enhancing the VE-cadherin-Trio interaction could be considered as a novel potential therapeutic approach that might serve to counteract vascular leakage and/or inflammation.
MATERIALS AND METHODS
Antibodies
Monoclonal antibodies (mAb) to β-catenin, p120-catenin, γ-catenin, Cdc42 (clone 44), Rac1, VE-cadherin (clone 75; used at 6.25 µg/ml) and an AlexaFluor-647-conjugated antibody against VE-cadherin (clone 7H1) were purchased from BD Transduction Laboratories (Amsterdam, The Netherlands). mAbs to VE-cadherin (clone F8), RhoA and polyclonal Abs ( pAb) to β-catenin, α-catenin and Trio (clone D-20) were purchased from Santa Cruz Biotechnology (Heidelberg, Germany). An mAb against Trio was from Abnova (Heidelberg, Germany). VE-cadherin mAb clone 7H1 was from Pharmingen (San Diego, CA), VE-cadherin clone BV6 and RhoG mAbs were from Millipore (Amsterdam, The Netherlands). pAb to VEcadherin was from Cayman (Ann Arbor, MI). mAbs to α-tubulin (DM1A), actin (clone AC-40), and hemagglutinin (HA) were purchased from Sigma (Zwijndrecht, The Netherlands). pAb to VEGFR2 and pAb to mouse PECAM-1 were from R&D (Abingdon, UK). An antibody against PECAM-1 (CD31, clone 12F11) was from Sanquin (Amsterdam, The Netherlands). mAb against GFP (clone JL-8), secondary goat-anti-rabbit IR 680, goatanti-mouse IR 800 and donkey anti-goat IR 800 antibodies were purchased from Licor Westburg (Leusden, The Netherlands). Antibodies to Ncadherin, Myc, ZO-1 (clone A12), secondary AlexaFluor-labeled Abs and AlexaFluor-633-conjugated phalloidin and phalloidin-Texas-Red were from Invitrogen (Breda, The Netherlands). Secondary horseradish peroxidase (HRP)-conjugated goat-anti-mouse, swine-anti-rabbit and rabbit-anti-goat antibodies were purchased from Dako (Heverlee, Belgium).
Cell culture, treatments and transfections
HUVECs were purchased from Lonza and cultured on fibronectin-coated dishes in EGM-2 medium, which was supplemented with singlequots (Lonza, Verviers, Belgium). HUVECs were cultured until passage 7. HEK293T, Cos7 and CHO cells were maintained in Iscove's modified Dulbecco's medium (IMDM) (BioWhittaker, Verviers, Belgium) containing 10% (v/v) heat-inactivated fetal calf serum (Invitrogen, Breda, The Netherlands), 300 mg/ml L-glutamine, 100 U/ml penicillinstreptomycin. Cells were cultured at 37°C under 5% CO 2 . Cells were pretreated for 20 h at 37°C with 100 µM ITX3, purchased from ChemBridge (San Diego, CA) (Bouquier et al., 2009) . Cells were pretreated for 1 h with 12.5 µM EHT-1864 (Sigma) (Onesto et al., 2008) . Cells were transfected according to the manufacturer's protocol with Trans IT-LT1 reagent (Myrus, Madison, WI) or electroporation (1 pulse, 1350 V, 30 ms) (Invitrogen). GFP-tagged VE-cadherin constructs (VEΔβΔIMD-GFP, VEΔC-α-GFP and VEΔC-αΔN-GFP) were a kind gift from Dr Naoki Mochizuki (National Cardiovascular Center Research Institute, Osaka, Japan) (Noda et al., 2010) . Adenovirus Trio and VE-cadherin-GFP constructs were generated as described previously van Rijssel J. et al., 2012b) . One day after adenoviral infection, medium was replaced; 2-3 days after infection, cells were used for assays. α-Catenin-mCherry and shRNA constructs (Sigma Mission library) targeting Trio (shTrio#1, TRC_10561; shTrio#2, TRC_873), VE-cadherin (TRC_54090) or a non-targeting shCtrl (shC002) were packaged into lentivirus in HEK293T cells by means of third generation lentiviral packaging plasmids. Lentivirus-containing supernatant was harvested on day 2 and 3 after transfection. Lentivirus was concentrated by centrifugation at 20,000 g for 2 h. Target cells were infected and, 3 days after the addition of virus, cells were used for assays.
Confocal laser scanning microscopy
Cells were cultured on fibronectin-coated glass coverslips and transfected/ stimulated as indicated. After treatment, cells were washed with ice-cold PBS, containing 1 mM CaCl 2 and 0.5 mM MgCl 2 , and fixed in 4% (v/v) formaldehyde for 10 min. After fixation, cells were permeabilized in PBS with 0.2% (v/v) Triton X-100 for 10 min followed by a blocking step in PBS with 2% (w/v) BSA and incubated with primary and secondary antibodies, and after each step, cells were washed with PBS. Fluorescence imaging was performed with a confocal laser scanning microscope (LSM510/Meta; Carl Zeiss MicroImaging) using a 63× NA1.40 or a 40× NA1.30 oil lens. The pixel area was determined as described previously (Timmerman et al., 2012) . DORA Rac1-sensor constructs Development of the DORA single-chain Rac1 biosensor Dimeric Cerulean3 coupled to the Rac1 effector p21-activated protein kinase 1 (PAK1) was linked through a ribosomal protein-based linker (L9H) with circular-permutated Venus coupled to Rac1. The DORA Rac1 sequence within a pTriEx-HisMyc backbone was dCer3(G229)-KpnI-GS-PAK(I75-K118)-L9H-L9H-BamHI-GS-dcpVen-NheI-Rac-WT-HindIII. The DORA Rac1 mutant PAK biosensor sequence within a pTriEx-HisMyc backbone was dCer3(G229)-KpnI-GS-PAK(I75-K118, H83,86D)-L9H-L9H-BamHI-GS-dcpVen-NheI-Rac-WT-HindIII. The histidine residues (H) at positions 83 and 86 in the PAK domain of the Rac1 control biosensor were substituted for an aspartic acid residue (D) and used as a negative control.
FRET measurements
Rac1 activity was measured in living cells by monitoring yellow fluorescent protein (YFP) FRET over donor cyan fluorescent protein (CFP) intensities. A Zeiss Observer Z1 microscope with 40× NA1.3 oil immersion objective, a HXP 120 V excitation light source, a Chroma 510 DCSP dichroic splitter, and two Hamamatsu ORCA-R2 digital CCD cameras for simultaneous monitoring of Cerulean3 and Venus emissions were used. Image acquisition was performed using Zeiss-Zen 2011 microscope software. Offline ratio analysis between Cerulean3 and Venus images were processed using MBF ImageJ collection. Raw Cerulean3 and Venus images were background (BG)-corrected using the plug-in 'ROI, BG subtraction from ROI'. Cerulean3 and Venus stacks were aligned using the registration plug-in 'Registration, MultiStackReg'. A smooth filter was applied to both image stacks to improve image quality by reducing noise. Image stacks were converted to a 32-bit image format and a threshold was applied exclusively to the Venus image stack, converting the background pixels to 'not a number' (NaN), allowing elimination of artifacts in ratio image stemming from the background noise. Finally, the Venus:Cer3 ratio was calculated using the plug-in 'Ratio Plus', and a custom look-up table was applied to generate a heatmap. MultiStackReg and Ratio Plus are available through the ImageJ website (http://rsb.info.nih.gov/ij/plugins/index.html). To label cell-cell junctions, we used α-catenin-mCherry in the control cells. In TagRFP Trio-deficient cells, the red channel was in use. Therefore, an antibody against VE-cadherin that had been directly labelled with a fluorophore (VE-cadherin-AlexaFluor-647, Millipore). FLIM analysis was performed using a dedicated Zeiss Axiovert wide-field microscope that had been equipped with instruments to perform frequency-domain FLIM imaging and a 63× (Plan Apochromat NA1.4 oil) objective.
Immunoprecipitation and western blot analysis
Cells were washed twice with ice-cold PBS, containing 1 mM CaCl 2 and 0.5 mM MgCl 2 , and lysed in cold NP-40 lysis buffer [25 mM Tris, 100 mM NaCL, 10 mM MgCl 2 , 10% (v/v) glycerol and 1% (v/v) Nonidet P-40, pH 7.4] supplemented with a phosphatase inhibitor cocktail (Sigma) and fresh protease-inhibitor-mixture tablets (Roche Applied Science). After 10 min, cell lysates were collected and centrifuged at 14,000 g for 10 min at 4°C. The supernatant was incubated with 0.5 μg of mAb to VE-cadherin (clone BV6, Millipore) or 2 μg goat pAb to Trio (clone D-20, Santa Cruz) and 50 µl of protein-G-Sepharose at 4°C with continuous mixing. In other experiments, biotinylated-peptides (1 μg/ml) together with streptavidinagarose were used. Subsequently, beads were centrifuged at 5000 rpm for 20 s at 4°C, washed five times with NP-40 lysis buffer and boiled in SDS sample buffer containing 4% β-mercaptoethanol. Samples were analyzed by using SDS-PAGE. Proteins were transferred onto a 0.2 µm nitrocellulose membrane (Whatman, Dassel, Germany), subsequently blocked with 5% (w/v) milk powder in Tris-buffered saline with Tween20 (TBST). The nitrocellulose membrane was incubated with specific primary antibodies overnight at 4°C, followed by incubation with secondary HRP-labeled antibodies for 1 h at room temperature. Between the incubation steps, blots were washed with TBST. Staining was visualized with an enhanced chemiluminescence (ECL) detection system (ThermoScientific, Amsterdam, The Netherlands). Alternatively, blots were incubated with IR-680-or IR-800-dye-conjugated secondary antibodies. The infrared signal was detected and analyzed with the Odyssey infrared detection system (Li-cor Westburg) .
GTPase activity assays
Cells were lysed in 50 mM Tris, pH 7.4, 0.5 mM MgCl 2 , 500 mM NaCl, 1% (v/v) Triton X-100, 0.5% (w/v) deoxycholic acid (DOC) and 0.1% (w/v) SDS supplemented with protease inhibitors. Subsequently, lysates were cleared at 10,000 rpm for 10 min. GTP-bound Rac1 and Cdc42 were isolated by rotating supernatants for 30 min with 30 μg of a biotinylated PAK1-CRIB peptide, that had been coupled to streptavidin agarose (Price et al., 2003) . GTP-bound RhoG was isolated by rotating supernatants for 30 min with 60 μg of GST-ELMO, pre-coupled to glutathione Sepharose beads (GE Healthcare, Zeist, The Netherlands) Wittchen and Burridge, 2008) . Beads were washed five times in 50 mM Tris, pH 7.4, 0.5 mM MgCl2, 150 mM NaCl, 1% (v/v) Triton X-100 and boiled in SDS-sample buffer containing 4% β-mercaptoethanol. Samples were analyzed by using SDS-PAGE as described above. RhoA activation was measured using a G-LISA kit, according to the manufacturer's protocol (Cytoskeleton, Denver, CO).
VE-cadherin ectodomain-Fc-coated beads
Freestyle HEK cells were transfected with pcDNA-VE-Cad-Ect-Fc-His and pcDNA-Fc-His using 293Fectin. After 4 days, VE-cadherin-Fc (VE-Fc) protein that had been secreted into the medium was collected and centrifuged to remove cell debris. His-tagged proteins were purified using a Chelating Sepharose column (GE Healthcare) charged with nickel. VE-Fc or Fc protein was eluted with 250 mM imidazole after which the buffer was exchanged into PBS containing 1 mM CaCl 2 by using dialysis. Dynabeads (Invitrogen) were incubated with 2 μg of VE-Fc or Fc diluted in PBS containing 2 mM EDTA and 0.1% (w/v) BSA for 45 min under constant head-over-head rotation at 4°C. Dynabeads were washed and added to the cells for the indicated time to allow homophilic VE-cadherin engagement. Cells were washed twice with ice-cold PBS, containing 1 mM CaCl 2 and 0.5 mM MgCl 2 , and lysed in cold NP-40 lysis buffer. Subsequently a CRIB peptide-based pull-down was performed (see section GTPase activity assays) or VE-Fc-and Fc-coated Dynabeads were isolated using a magnetic holder, and the interacting proteins were studied. Dynabeads were washed twice with RIPA buffer, three times with NP40-lysis buffer and were then resuspended in SDS-PAGE sample buffer.
Electric cell-substrate impedance sensing (ECIS)
Monolayer integrity was determined by measuring the electrical resistance using ECIS. Electrode-arrays (8W10E; IBIDI, Planegg, Germany) were treated with 10 mM L-cysteine (Sigma) for 15 min at 37°C and subsequently coated with 10 μg/ml fibronectin (Sigma) in 0.9% NaCl for 1 h at 37°C. Cells were seeded at 100,000 cells per well (0.8 cm 2 ) and grown to confluence. Electrical resistance was continuously measured at 37°C under 5% CO 2 using ECIS model 9600 (Applied BioPhysics, New York, MA). Permeability was measured using Transwell filters with fibronectin-coated 0.1 µm pore size filters. Fluorescently labeled 3-or 10-kDa dextran was added to the upper compartment, and 5 h later the fluorescence in the lower compartment was measured using a fluorimeter.
VE-cadherin peptides
Peptides were synthesized corresponding to the intracellular sequence for VE-cadherin as indicated. Scrambled peptides were synthesized as negative controls with the lowest Needleman-wunsch alignment score and highest Levenshtien distance to original sequence. VE-cadherin peptide no. 1 sequence -GAHGGPGEMAAMIEVKKDEADHDGDGPPYDTLH IYG-YEG. VE-cadherin peptide no. 2 sequence -TLHIYGYEGSESIAESLS-SLGTDSSDSDVDYDFLNDWGP. Scrambled peptide sequence -SLEDISLEAYSGHYSEGTSGDDVSPDFSNDLSLGDTWDY. Proteintransduction domain (PTD) sequence -YARAAARQARA. Glycine was used as a linker. All peptides were biotinylated at the N-terminus. Pull-down assays were performed using streptavidin-coated magnetic beads.
GST pull-down assay
The different constructs of GST-tagged Trio spectrin repeats (i.e. of spectrin repeats 1 and 2 (1-2); 1,2,3 and 4 (1-4); 5 and 6 (5-6); as well as 5,6,7 and 8 (5-8) and of GST in pGEX6P1 vectors were expressed in Escherichia coli BL21 overnight at 18°C and purified according to the manufacturers' recommendations (Amersham Biosciences) using 50 mM Tris-HCl, pH 7.4, 500 mM NaCl, 10% glycerol, 5 mM β-mercaptoethanol, supplemented with protease inhibitor mixture tablets (Roche), as lysis buffer. GST-tagged Trio spectrin repeats or GST were eluted with 20 mM glutathione, 50 mM TrisHCl, pH 7.4, 150 mM NaCl, 5% glycerol, 5 mM β-mercaptoethanol, from glutathione-Sepharose-4B beads and dialyzed twice using the same buffer but without glutathione. Proteins were aliquoted and stored at −80°C upon flash freezing in liquid nitrogen. To test for direct binding, the biotinylated peptides encoding the intracellular domains of VE-cadherin (as indicated) and scrambled peptide (CTRL) were coupled to streptavidin-agarose beads and incubated with purified GST-tagged Trio spectrin repeats (molar ratio 1:2, spectrin 1-2, spectrin 1-4, spectrin 5-6 or spectrin 5-8) in 50 mM TrisHCl, pH 7.4, 150 mM NaCl, 10 mM MgCl 2 , 5% glycerol, 5 mM β-mercaptoethanol for 1 h at 4°C under continuous mixing. Beads were washed five times and resuspended in SDS sample buffer. GST was used as control. The rate of activity was normalized by comparing the increase or decrease of GTPase activity to the expression levels of the GTPase in the total cell lysates.
Statistical analysis
Statistical comparisons between experimental groups were performed by using Student's t-test. A two-tailed P-value of ≤0.05 was considered significant. 
